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ABSTRACT: Polycyclic aromatic hydrocarbons exhibit a
rich spectrum of physicochemical properties depending on
the size and, more critically, on the edge and bond
topologies. Among them, open-shell systemsmolecules
hosting unpaired electron densitiesrepresent an impor-
tant class of materials for organic electronic, spintronic,
and optoelectronic devices, but remain challenging to
synthesize in solution. We report the on-surface synthesis
and scanning tunneling microscopy- and spectroscopy-
based study of two ultralow-gap open-shell molecules,
namely peri-tetracene, a benzenoid graphene fragment with
zigzag edge topology, and dibenzo[a,m]dicyclohepta-
[bcde,nopq]rubicene, a nonbenzenoid nonalternant struc-
tural isomer of peri-tetracene with two embedded azulene units. Our results provide an understanding of the ramiﬁcations
of altered bond topologies at the single-molecule scale, with the prospect of designing functionalities in carbon-based
nanostructures via engineering of bond topology.
KEYWORDS: scanning tunneling microscopy, scanning tunneling spectroscopy, open-shell polycyclic aromatic hydrocarbons,
nonalternant polycyclic aromatic hydrocarbons, atom manipulation, density functional theory
Topologies of the edge and the π-electron network areparamount in determining the electronic structure ofnanographenes (or polycyclic aromatic hydrocarbons
(PAHs)) and lead to exotic properties that are not present in
the parent graphene. For example, the presence of zigzag edges
leads to localized nonbonding edge states, wherein the
resulting Coulomb instability via electron−electron interaction
is relieved through spin polarization of the states.1,2 On the
other hand, PAHs exhibiting distinctive π-electron topologies,
such as triangular or bowtie-shaped, inherently contain
unpaired electrons as a result of unsatisﬁed atomic valencies
arising from topological frustration in the bipartite lattice.3−5
Such systems belong to the family of open-shell PAHs, which
have received increased interest in recent years due to potential
applications in organic spintronics,6 nonlinear optics,7 and
photovoltaics.8 The past decade has witnessed the realization
of interesting classes of open-shell PAHs including zigzag
graphene nanoribbons,9 acenes,10−13 anthenes,14 triangulene,15
and post-graphene organic Dirac materials.16,17 However, their
synthesis via solution-based chemistry remains challenging due
to the high intrinsic reactivity arising from unpaired electron
densities.18 In this regard, on-surface synthesis, utilizing
surface-driven catalytic reactions of rationally designed stable
precursor molecules under ultrahigh vacuum (UHV) con-
ditions, provides a valuable synthetic toolbox toward atomi-
cally precise synthesis of PAHs hitherto unattainable via
solution chemistry and allows atomic-scale investigation of
structural and electronic properties using scanning probe
microscopies.19
Among the open-shell PAHs, n-peri-acenes (n is the number
of outer benzenoid rings along the zigzag direction, Figure 1a),
conceptually formed via edgewise fusion of two linear acenes,
represent the smallest well-deﬁned graphene fragments
containing both high-symmetry edge topologies of graphene,
viz. armchair and zigzag. This makes peri-acenes model systems
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to study the onset and evolution of various exotic physical
properties predicted in graphene. Recent years have witnessed
a resurgent interest in peri-acenes, fueled by theoretical
predictions of a substantial decrease in the electronic gap
with increasing size,20 a spin-polarized ground state with rapid
evolution toward a polyradical state,21,22 and half-metallicity
under external electric ﬁelds.23 While the smallest members of
the peri-acene series, namely perylene (n = 2)24 and bisanthene
Figure 1. Synthetic routes toward 1 and 2. (a) Structural relationship between acenes and peri-acenes, exempliﬁed via tetracene and peri-
tetracene, and their structural relationship to graphene. (b, c) Combined in-solution and on-surface synthetic routes toward peri-tetracene
(1, (b)) and dibenzo[a,m]dicyclohepta[bcde,nopq]rubicene (2, (c)). The colored rings in (b) and (c) emphasize that 1 and 2 are structural
isomers related via napthalene to azulene isomerization.
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(n = 3),25 have been known and studied since long, larger
members of the series remain elusive. Recent solution synthetic
attempts suﬀered from insolubility and inherent reactivity of
peri-acenes,26 making their synthesis a formidable challenge.
Though the solution synthesis of a peri-tetracene derivative (n
= 4) was recently realized, wherein its structural and electronic
characterization in solution was hindered due to high reactivity
of the compound, pristine peri-tetracene remains experimen-
tally inaccessible.27 Furthermore, on-surface synthesis of peri-
pentacene (n = 5) was recently demonstrated on Au(111).28
However, detailed experimental characterization of higher peri-
acenes (n > 3), in particular their electronic structure, has not
been reported previously, and peri-acenes thus remain a
virtually unexplored family of PAHs.
Moreover, since the advent of on-surface synthesis, major
eﬀorts have been devoted to harvest additional functionalities
from PAHs beyond their inherent properties. Such eﬀorts have
primarily manifested in the form of substitutional doping with
heteroatoms,29−31 anchoring of functional groups to the π-
system of PAHs,32 and covalent linking of functionally distinct
PAHs to form heterojunctions.33 These methods, however,
pose signiﬁcant problems such as loss of functional groups
during high-temperature growth conditions32 and arbitrary
nature of heterojunction formation, thus compromising the
Figure 2. On-surface synthesis and characterization of 1 on Au(111). (a) Overview STM topography image of the Au(111) surface after
room-temperature deposition of 3 (V = −1 V, I = 70 pA). Inset: high-resolution STM image of 3 (V = −1 V, I = 70 pA). (b) Overview STM
topography image of the surface after annealing to 300 °C. White circle highlights the molecular species corresponding to 1 (V = −1 V, I =
40 pA). (c) High-resolution STM image of 1 acquired with a CO-functionalized tip (V = −160 mV, I = 70 pA). (d) UHR-STM image of 1
evidencing formation of pristine peri-tetracene (open feedback parameters: V = −5 mV, I = 50 pA; Δz = −0.9 Å). (e, f) Top and side views of
the DFT-optimized equilibrium geometry of 1 on Au(111). The dashed arrows along the long axis of the molecule help interpret the side
view; a convention followed in all the ﬁgures. (g) dI/dV spectra on 1 (red and blue curves) acquired with a CO-functionalized tip. A
reference spectrum on Au(111) is shown in black. The spectra are vertically shifted for clarity. The positions at which the spectra on the
molecule were acquired are highlighted in the top-left image in (h) with red and blue crosses. (h) High-resolution STM images (left),
simultaneously acquired dI/dV maps (center) and corresponding DFT-calculated LDOS maps (right) at the energetic positions
corresponding to the PIR (top) and the NIR (bottom). Open feedback parameters for the dI/dV spectra: V = −300 mV, I = 150 pA; Vrms = 8
mV. Tunneling parameters for the STM images and associated dI/dV maps: PIR − V = −160 mV, I = 100 pA; Vrms = 20 mV; NIR − V = 190
mV, I = 150 pA; Vrms = 20 mV. Scale bars: (a, b) − 7 nm; inset (a, c, d, h) − 0.5 nm.
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structural and functional integrity of such systems. In this
regard, controlled embedment of nonbenzenoid ring top-
ologies, that signiﬁcantly inﬂuence the local structural,34−36
chemical,37 and electronic38,39 properties of graphene and
PAHs, represents an alternative route to tune the intrinsic
properties of graphene-based nanostructures. Nonbenzenoid
rings, in particular odd-membered rings such as pentagons and
heptagons, frequently occur as point and line defects in
graphene, where large defect reversal barriers stably sustain
them at ambient conditions.40 However, such topologies are
mostly reported to occur under nonequilibrium conditions,
precluding their controlled generation and placement to create
functional components. Recent developments in on-surface
chemistry have demonstrated viable routes to generate
nonbenzenoid ring topologies,41,42 providing opportunities
toward their rational fabrication and characterization.
In this work, we report the on-surface synthesis of two
isomeric open-shell PAHs via surface-catalyzed cyclodehydro-
genation and oxidative ring-closure reactions in combination
with scanning tunneling microscopy (STM)-based atom
manipulation on Au(111) under UHV conditions: the long-
pursued pristine peri-tetracene (1) and a nonbenzenoid
nonalternant structural isomer of 1, namely dibenzo[a,m]-
dicyclohepta[bcde,nopq]rubicene (2) containing a pair of
embedded azulene units (Figure 1b, c). We conducted detailed
structural and electronic characterization of 1 and 2 via bond-
resolved STM and scanning tunneling spectroscopy (STS) at
low temperatures (T = 4.5 K). Through our studies, we unravel
the electronic structure of pristine peri-acenes, thus far
restricted to theoretical analyses and elucidate the electronic
ramiﬁcations of nonbenzenoid ring topologies. Furthermore,
we reveal 1 and 2 to exhibit one of the lowest electronic gaps
reported to date for graphene nanostructures on surfaces. Our
experimental results, aided by ab initio mean-ﬁeld theory
calculations, not only demonstrate the synthesis and atomic-
scale characterization of ultralow-gap open-shell graphene
nanostructures that have eluded modern synthetic chemistry
for decades but also motivate the rational fabrication of larger
nonbenzenoid ring topologies as functional centers toward the
perspective of engineering graphene-based devices.
RESULTS AND DISCUSSION
Design and In-Solution Syntheses of Chemical
Precursors Toward On-Surface Synthesis. Figure 1b, c
show the synthetic route toward 1 and 2. Our targeted
precursor for on-surface synthesis of 1 is 7,14-di(2-
methylphenyl)benzo[k]tetraphene (3), where we expect the
methylbenzene substituents to participate in cyclodehydroge-
nation and oxidative ring-closure reactions upon annealing on
Au(111) surface, thus yielding four benzenoid rings and
leading to the formation of 1. The synthesis of 3 was achieved
starting from 2′,5′-dibromo-2,2′′-dimethyl-1,1′:4′,1′′-terphen-
yl (S1)26 in three steps, via a Suzuki coupling-deprotection-
intramolecular cyclization sequence in a total yield of 18%
(Figure 1b). Similarly, our designed precursor toward on-
surface synthesis of 2 is 1,10-dimethyldibenzo[a,m]rubicene
(4), wherein we expect on-surface oxidative ring-closure
reactions of the methyl substituents to aﬀord formation of
two heptagonal rings in the polycyclic framework, thus leading
to the formation of 2. The synthesis of 4 was started with 5,11-
dibromoindeno[1,2-b]ﬂuorine-6,12-dione (S5)43 through Su-
zuki coupling and Ramirez reactions, followed by palladium-
catalyzed intramolecular ring-closing and subsequent debromi-
nation in four steps, with a total yield of 17% (Figure 1c). All
compounds were characterized by NMR analysis and mass
spectroscopy, and additional elemental analyses for 3 and 4 are
provided in the Supporting Information.
On-Surface Synthesis and Characterization of peri-
Tetracene (1). After sublimation of submonolayer quantities
of 3 under UHV conditions onto an atomically clean Au(111)
surface held at room temperature, large-scale STM images
(Figure 2a) show the predominant presence of large self-
assembled islands and chain-like structures, as well as
sporadically distributed individual molecules (see Figure S1
for high-resolution STM images of the room temperature
phase of 3). A high-resolution STM image of an individual
molecule (inset, Figure 2a) reveals the presence of two
prominent lobes with an apparent height of ∼2.9 Å, ascribed to
the methylbenzene moieties that bend in an out-of-plane
fashion against the benzo[k]tetraphene backbone (Figure S1).
Annealing the sample to 300 °C results in notable changes in
the surface topography. Large-scale STM images (Figure 2b)
show an absence of self-assembled structures, with isolated
molecules and small clusters present on the surface. About 21%
of the molecules (statistics for 206 molecules) present on the
surface exhibit a distinctive rectangular topography with a
uniform apparent height of ∼1.9 Å (referred to as 1),
suggesting it to be the result of complete ring-closure reactions
of 3 (Figure 2b, highlighted with a white circle). However, the
exact chemical identity of 1 is diﬃcult to identify via
conventional STM imaging alone, which fundamentally probes
the local density of states near the Fermi energy, and is
therefore insensitive to the total electron density of the
molecule which manifests as the chemical structure. To
circumvent this limitation, we functionalize the STM tip with
a carbon monoxide (CO) molecule to conduct imaging in the
regime of Pauli repulsion,44,45 yielding the visualization of the
chemical structure. Figure 2c shows a high-resolution STM
image of 1 acquired with a CO-functionalized tip, wherein at
the chosen tunneling bias voltage (i.e., −160 mV) it exhibits
rich features in the local density of states (LDOS), particularly
noticeable at the peripheries along the long axis of the
molecule as four distinct lobes. Finally, the corresponding
ultrahigh-resolution STM (UHR-STM) image unequivocally
establishes 1 to be pristine peri-tetracene (Figure 2d, also see
Figure S2 for height-dependent UHR-STM images of 1). The
apparent planar conformation of 1 on Au(111) revealed via the
UHR-STM image is further veriﬁed by density functional
theory (DFT) calculations (Figure 2e, f).
We probed the electronic structure of 1 on Au(111) via STS
(Figure 2g, h). Voltage-dependent diﬀerential conductance
spectra (dI/dV vs V) acquired with a CO-functionalized tip on
1 show prominent features in the DOS at −160 mV and 190
mV (Figure 2g). These peaks are assigned to the positive
(−160 mV) and the negative (190 mV) ion resonances (PIR
and NIR) deriving from the highest occupied and the lowest
unoccupied molecular orbitals (HOMO and LUMO) of 1,
respectively (see Figure S3 for STS with a metallic tip). The
extracted HOMO−LUMO gap of 1 on Au(111) thus amounts
to 350 meV, which is considerably lower in comparison to
reported HOMO−LUMO gap values for similar systems; for
example, the HOMO−LUMO gap of the hitherto longest on-
surface synthesized acene, that is, undecacene on Au(111), was
reported to be 1.09 eV.13 Figure 2h shows the corresponding
STM topography images (left) and the simultaneously
acquired dI/dV maps (center) obtained with a CO-function-
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alized tip at the energetic positions of the PIR (top) and the
NIR (bottom) (see Figure S4 for the constant-height dI/dV
maps of 1). The DFT-calculated LDOS maps of the HOMO
and the LUMO of 1 (Figure 2h, right), evaluated at a height of
5 Å above the molecular plane, show remarkable agreement
with the experimental dI/dV maps. This allows us to infer that
the conductance features present in the dI/dV maps can be
correlated with the spatial distribution of the probability
densities of the corresponding frontier orbital wave functions,
thereby concluding the electronic structure of 1 on Au(111)
(see Figure S5 for the DFT-calculated molecular orbitals of 1).
On-Surface Synthesis and Characterization of
Dibenzo[a,m]dicyclohepta[bcde,nopq]rubicene (2).
After sublimation of submonolayer quantities of 4 onto an
atomically clean Au(111) surface held at room temperature,
large-scale STM images (Figure 3a) show the presence of self-
assembled linear chains as well as individual molecules (see
Figure S6 for high-resolution STM images of the room
temperature phase of 4). A high-resolution STM image of an
individual molecule (inset, Figure 3a) reveals the presence of
two prominent lobes with an apparent height of ∼2.5 Å,
ascribed to the out-of-plane bending of the methyl groups
(Figure S6). After annealing the surface to 300 °C, large-scale
STM images (Figure 3b) show a marked decrease in the
amount of 4 and various single-molecule products on the
surface. We ﬁrst provide a statistical distribution of the
Figure 3. On-surface reactions of 4 and structural and electronic characterization of 2′′ on Au(111). (a) Overview STM topography image of
the Au(111) surface after room-temperature deposition of 4 (V = −700 mV, I = 100 pA). Inset: High-resolution STM image of 4 (V = −20
mV, I = 100 pA). (b) Overview STM topography image of the surface after annealing to 300 °C. White circle highlights the molecular species
corresponding to 2′′ (V = −700 mV, I = 100 pA), with other reaction products labeled with arrows. (c) High-resolution STM image of 2′′
acquired with a CO-functionalized tip (V = −30 mV, I = 50 pA). (d) UHR-STM image of 2′′ revealing the nonbenzenoid framework (open
feedback parameters: V = −5 mV, I = 50 pA; Δz = −0.5 Å). The arrows indicate the pentagonal rings on both sides of the molecule. (e, f)
Top and side views of the DFT-optimized equilibrium geometry of 2′′ on Au(111). (g) dI/dV spectra on 2′′ (red and blue curves) acquired
with a CO-functionalized tip. The positions at which the spectra on the molecule were acquired are highlighted in the top-left image in (h)
with red and blue crosses. (h) High-resolution STM images (left), simultaneously acquired dI/dV maps (center), and corresponding DFT-
calculated LDOS maps (right) at the energetic positions corresponding to the PIR (top) and the NIR (bottom). Open feedback parameters
for the dI/dV spectra: V = −2.20 V, I = 200 pA; Vrms = 20 mV. Tunneling parameters for the STM images and associated dI/dV maps: PIR −
V = −1.25 V, I = 140 pA; Vrms = 20 mV; NIR − V = 1.55 V, I = 170 pA; Vrms = 20 mV. Scale bars: (a, b) − 7 nm; inset (a, c, d, h) − 0.5 nm.
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dominant reaction products accounting for 89% of the
molecular species present on the surface after annealing at
300 °C. A majority of the molecules (58% of 400 molecules)
exhibit a two-lobed appearance and presumably did not
undergo ring-closure reactions, corresponding to 4. About 20%
of 400 molecules present only one lobe, possibly correspond-
ing to partial ring-closure reaction of methyl groups to form
one heptagonal ring (referred to as 4′). Notably, there is
appearance of a new species (11% of 400 molecules,
highlighted with a white circle in Figure 3b) that exhibit a
uniform rectangular topography with an apparent height of
∼1.9 Å (referred to as 2′′). Figure 3c shows a high-resolution
STM image of 2′′ acquired with a CO-functionalized tip,
revealing sharp ridges at the peripheries along the short axis of
the molecule, which is in contrast to the smooth bay-like
regions at the peripheries along the long axis of the molecule.
Figure 3d shows the corresponding UHR-STM image of 2′′
that clearly reveals the nonbenzenoid ring topology. While
based on the UHR-STM image, it is appealing to ascribe 2′′ to
the targeted azulene-embedded PAH (Figure 1c), there are
particular deﬁning observations that cast doubt over the
identity of the molecule. First, during acquisition of the UHR-
STM images of 2′′ at varying tip-molecule distances, it was
found that 2′′ moved relatively easily upon approaching the tip
closer to the molecule (Figure S7), indicating a weak
interaction of 2′′ with the surface. Second, a careful
observation of Figure 3d reveals that the heptagonal rings
present a rather elongated appearance with a signiﬁcant loss of
resolution at the apexes, which appear remarkably ﬂat. Finally,
the heptagonal rings exhibit the weakest contrast among all the
rings (i.e., draw the least amount of tunneling current). Ring-
speciﬁc current contrast in molecules sensitively depends on
the variation in intramolecular electron density,46 which aﬀects
the electrostatic potential landscape of the molecule,
Figure 4. On-surface generation of 2 via STM atom manipulation and its structural and electronic characterization. (a−c) Series of high-
resolution STM images and the corresponding chemical structures, showing generation of 2 through voltage-pulse-induced dissociation of
individual hydrogen atoms from 2′′; (a) 2′′, containing doubly hydrogenated heptagonal apexes, (b) intermediate radical species 2′
generated after dissociation of the ﬁrst hydrogen atom, and (c) generation of 2 after dissociation of the second hydrogen atom. (V = −100
mV, I = 50 pA). (d) High-resolution STM image of 2 acquired with a CO-functionalized tip (V = −100 mV, I = 50 pA). (e) UHR-STM image
of 2 (open feedback parameters: V = −5 mV, I = 50 pA; Δz = −0.85 Å). (f, g) Top and side views of the DFT-optimized equilibrium
geometry of 2 on Au(111). (h) dI/dV spectrum on 2 (blue curve) acquired with a CO-functionalized tip. The position at which the spectrum
on the molecule was acquired is highlighted in the top-left image in (i) with a blue cross. (i) High-resolution STM images (left),
simultaneously acquired dI/dV maps (center) and corresponding DFT-calculated LDOS maps (right) at the energetic positions
corresponding to the PIR (top) and the NIR (bottom). Open feedback parameters for the dI/dV spectra: V = −400 mV, I = 200 pA; Vrms = 6
mV. Tunneling parameters for the STM images and the associated dI/dV maps: PIR − V = −50 mV, I = 150 pA; Vrms = 20 mV; NIR − V =
120 mV, I = 150 pA; Vrms = 20 mV. All scale bars: 0.5 nm.
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potentially yielding information on conjugation and aroma-
ticity. The observation of a weak contrast for the heptagonal
rings could therefore be an indication of the loss of conjugation
within the rings. Since it is ring-closure reactions of methyl
groups that entails formation of the heptagonal rings, we
speculate that an incomplete dehydrogenation resulting in the
loss of only one out of the three hydrogen atoms from each
methyl group leads to the saturation of the apical carbon atoms
of the heptagonal rings with two hydrogen atoms, thereby
imparting a nonconjugated character to the rings. Figure 3e, f
show the DFT-optimized equilibrium geometry of 2′′, where
the sp3 conﬁguration of the apical carbon atoms of the
heptagonal rings results in a nonplanar conformation of the
molecule on the surface. To lend support to our speculation,
we conducted STS measurements to probe the electronic
structure of 2′′ (Figure 3g, h). dI/dV spectra on 2′′ acquired
with a CO-functionalized tip show strong peaks in the DOS at
−1.25 and 1.55 V (Figure 3g), assigned to the PIR and the
NIR. Thus, 2′′ exhibits a large HOMO−LUMO gap of 2.80
eV on Au(111). Figure 3h shows the corresponding STM
topography images (left) and the simultaneously acquired dI/
dV maps (center) obtained with a CO-functionalized tip at the
energetic positions of the PIR (top) and the NIR (bottom)
(see Figure S8 for the constant height dI/dV maps of 2′′). The
DFT-calculated LDOS maps of the HOMO and the LUMO of
the molecule (Figure 3h, right), evaluated at a height of 3 Å
above the molecular plane, show remarkable agreement with
the experimental dI/dV maps, thereby proving our speculation
and concluding the identity of 2′′. In addition, identiﬁcation of
2′′ leads now to a straightforward explanation for the identity
of the one-lobed species 4′; the end not exhibiting the lobed
feature presents an identical appearance to 2′′, thus
corresponding to formation of an unconjugated heptagonal
ring consisting of a doubly hydrogenated apex carbon atom,
while the end exhibiting the lobed feature consists of unreacted
methyl group.
Having ascertained the identity of 2′′, we explored the
possibility of generating the targeted fully conjugated species 2
from 2′′ by means of STM atom manipulation. Toward this
end, we aim to achieve selective cleavage of one hydrogen
atom from each of the apical carbon atoms of the heptagonal
rings. To realize this, the STM tip was positioned at the center
of 2′′, and the feedback loop was opened at the tunneling
parameters V = 100 mV and I = 2 pA. The tip was
subsequently retracted by 4.5−5.0 Å to limit the tunneling
current. Finally, the tunneling bias voltage was gradually
increased to a range between 3.6 and 4.0 V, wherein an abrupt
change in the tunneling current was consistently observed,
signaling a manipulation event. This bias range is consistent
with the C−H bond dissociation energy within the CH2
groups in 9,10-dihydroanthracene (3.5 eV)47 and previous
single dehydrogenation experiments on PAHs with CH2
moieties.15,48 Figure 4a−c demonstrate the manipulation
sequence wherein starting from 2′′ (Figure 4a), sequential
dehydrogenation leads ﬁrst to the formation of an intermediate
radical species 2′ (Figure 4b) and ﬁnally to the fully
conjugated species 2 (Figure 4c). We found removal of the
two hydrogen atoms to be a sequential two-step process for
repeated manipulation experiments, possibly related to the
limited lifetime of the tunneling electrons for a molecule
adsorbed on a metal surface (see Figures S9 and S10 for
additional manipulation experiments and elaboration on the
identity of 2′, respectively). Furthermore, upon closer
inspection of STM images, we ﬁnd that among the remaining
11% of minor reaction products after annealing at 300 °C that
have not been accounted for until now, 8% (out of 400
molecules) correspond to the intermediate radical species 2′
and 3% correspond to the desired fully conjugated species 2,
indicating that 2 may also be obtained from thermal annealing
of 4 at 300 °C, albeit with low yields. While further annealing
at 350 °C visibly enhances the yield of 2, such high
temperatures unfortunately also promote intermolecular
cross-dehydrogenative coupling reactions, leading to the
formation of irregular covalently bonded molecular clusters
(Figure S11). We note that optimization of the annealing time
and temperatures, and usage of catalytically more active
coinage metal surfaces (e.g., Ag or Cu), could possibly enhance
the yield of 2 on the surface via the thermal annealing route.
We next conducted a detailed structural and spectroscopic
characterization of 2. Figure 4d shows a high-resolution STM
image of 2 acquired with a CO-functionalized tip, showing rich
features in the LDOS at the chosen tunneling bias voltage (i.e.,
−100 mV). The corresponding UHR-STM image (Figure 4e,
also see Figure S12 for height-dependent UHR-STM images of
2) clearly shows the intramolecular features with the
nonbenzenoid rings. Importantly, the chemical structure of
the molecule is strongly convoluted with the LDOS, especially
at the apexes of the heptagonal rings; a feature absent in the
UHR-STM image of 2′′ (Figure 3d). Furthermore, the
heptagonal rings appear completely undistorted, in contrast
to their elongated appearance seen in the case of 2′′. DFT
calculations predict that 2 adopts a planar conformation on
Au(111) (Figure 4f, g), evident from the UHR-STM image.
Figure 4h, i show the results of STS measurements on 2,
conducted with a CO-functionalized tip. dI/dV spectrum on 2
shows strong peaks in the DOS at −50 mV and 130 mV
(Figure 4h, also see Figure S3), assigned to the PIR and the
NIR. Thus, 2 exhibits an ultralow HOMO−LUMO gap of 180
meV on Au(111), a drastic decrease from the corresponding
value of 2.80 eV found for 2′′ (Figure 3g). This large
diﬀerence in the electronic gaps of 2 and 2′′ can be
rationalized through the diﬀerent degrees of conjugation in
the molecules; 2′′ is not fully conjugated, whereas 2 is a fully
conjugated species. Furthermore, compared to 1, 2 exhibits a
considerable reduction of the HOMO−LUMO gap by almost
50%. Thus, judicious placement of nonbenzenoid ring
topologies in graphene nanostructures oﬀers a viable route to
modulate their fundamental electronic structure. Figure 4i
shows the corresponding STM topography images (left) and
the simultaneously acquired dI/dV maps (center) obtained
with a CO-functionalized tip at the energetic positions of the
PIR (top) and the NIR (bottom) (see Figure S13 for the
constant-height dI/dV maps of 2). The DFT-calculated LDOS
maps of the HOMO and the LUMO of 2 (Figure 4i, right),
evaluated at a height of 5 Å above the molecular plane, show
excellent agreement with the experimental dI/dV maps,
concluding the electronic structure of 2 on Au(111) (see
Figure S14 for the DFT-calculated molecular orbitals of 2).
Theoretical Characterization of the Electronic
Ground States of 1 and 2. Investigation of the magnetic
structure of PAHs via STM remains challenging as a result of
the extremely low magnetic anisotropy originating from the
intrinsically weak spin−orbit coupling in carbon.49 Thus, to
gain insight into the open-shell characters of 1 and 2, we
conducted spin-polarized DFT calculations to evaluate the
electronic ground state of the free-standing species. Our
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calculations favor, for both the species, the (antiferromagnetic)
open-shell singlet (AFM) state over the (ferromagnetic) open-
shell triplet (FM) and the (nonmagnetic) closed-shell (NM)
states. Speciﬁcally, EAFM,1 < ENM,1 (62 meV) < EFM,1 (92 meV),
and EAFM,2 < EFM,2 (65 meV) < ENM,2 (101 meV). Our results
are consistent with previous theoretical reports that also found
an open-shell singlet ground state for 1 utilizing DFT
methods50 and, more recently, multireference calculations.21,22
Interestingly, the computed spin density distributions of 1 and
2 show a marked diﬀerence: the maximum spin density for 1 is
located at the zigzag edges with the largest amplitude on the
central zigzag carbon atoms (Figure 5a); while for 2, the
maximum spin density is located at the apical carbon atoms of
the heptagonal rings (Figure 5b). A simple consideration of
Clar’s sextet rule51 elucidates this diﬀerence. Both 1 and 2
contain two aromatic sextets in their Kekule ́ structures, which
can be expanded to a maximum of ﬁve sextets in the respective
non-Kekule ́ biradical structure(s), leading to a gain in the
aromatic stabilization energy, with the formal loss of a π-bond
resulting in two unpaired electrons (Figure 5c, d). For 1, four
non-Kekule ́ resonance structures can be drawn (1−1 to 1−4 in
Figure 5c), wherein the unpaired electrons are located at the
four central zigzag carbon atoms; while for 2, only a single non-
Kekule ́ structure exists (2−1 in Figure 5d), with the unpaired
electrons located at the apical carbon atoms of the heptagonal
rings.
CONCLUSIONS
We have demonstrated the synthesis of two challenging
isomeric open-shell nanographenes, namely, pristine peri-
tetracene (1) and its nonbenzenoid nonalternant structural
isomer, dibenzo[a,m]dicyclohepta[bcde,nopq]rubicene (2)
containing multiple odd-membered rings, through cyclo-
dehydrogenation and oxidative ring-closure reactions, in
combination with STM single-atom manipulation on
Au(111) surface. The synthesis of peri-acenes, long-pursued
in organic chemistry, represents an important development
toward investigation of spin-polarized edge states at the single-
molecule level. Our experiments elucidate the electronic
structure of pristine peri-acenes at the atomic scale, which
has thus far been restricted to theoretical studies. Controlled
embedment of nonbenzenoid ring topologies, representing an
alternative route toward implementing a wide spectrum of
functionalities in polyaromatic frameworks, is exempliﬁed
through the synthesis of 2, wherein oxidative ring-closure
reactions of methyl groups attached to a dibenzo[a,m]rubicene
core aﬀords formation of heptagonal rings. Scanning tunneling
spectroscopy measurements revealed ultralow electronic gaps
for both species, motivating their use as functional components
in organic electronics, for example, as metal−semiconductor
interconnects in graphene-nanoribbon-based ﬁeld eﬀect
transistors. Importantly, the electronic gap of 2 (i.e., 180
meV) is about 50% lower than that for 1 (i.e., 350 meV),
demonstrating that incorporation of nonbenzenoid ring
topologies (here, azulene moieties) in a polybenzenoid
framework oﬀers a route to establish control over electronic
structure of PAHs. Spin-polarized density functional theory
calculations predict both species to exhibit an open-shell
singlet ground state, making them promising candidates for
spintronic applications. We propose to incorporate these
systems, via on-surface Ullmann reaction, in one- and two-
dimensional lattices to study spin coupling between neighbor-
ing molecules, representing ideal platforms toward inves-
tigation of low-dimensional magnetism in organic nanostruc-
tures, and future spin-based information storage and
computation.
METHODS
Sample Preparation and STM Measurements. STM measure-
ments were performed with a commercial low-temperature STM from
Scienta Omicron operating at base pressures below 1 × 10−10 mbar.
Au(111) single crystal surface was prepared via iterated cycles of
sputtering with Ar+ ions at p = 6 × 10−6 mbar and annealing to 750 K
for 30 min at pressures below 5 × 10−10 mbar. Prior to the deposition
of molecules, STM was used to check the quality and cleanliness of
the surface. Precursor molecules 3 and 4 were sublimed at 400 and
500 K, respectively, on Au(111) surface held at room temperature. All
STM images were acquired in constant-current mode unless
otherwise stated. Indicated tunneling bias voltages are given with
respect to the sample. Unless otherwise stated, gold-coated tungsten
tips were used for STM imaging and spectroscopy. Constant-height
Figure 5. Calculated spin density distributions of 1 and 2 and the relation to Clar’s sextet theory. (a, b) DFT-computed spin density
distributions of (a) 1 and (b) 2 (spin up: blue, spin down: red). (c, d) Closed-shell Kekule ́ and open-shell non-Kekule ́ resonance structures
of (c) 1 and (d) 2. The rings highlighted in red represent Clar sextets.
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diﬀerential conductance spectra and dI/dV maps were acquired using
the lock-in technique to obtain a signal proportional to dI/dV from
the ﬁrst harmonic of the tunneling current ( f = 860 Hz). UHR-STM
images were acquired in constant-height mode with a CO-function-
alized tip, at biases close to the Fermi energy, and the current signal
was recorded. Open feedback parameters and subsequent lowering of
the tip height (i.e., Δz) are provided in the ﬁgure captions. CO-
functionalized tips were obtained by picking up individual CO
molecules from NaCl islands, deposited after completion of the
reaction steps, since NaCl islands greatly facilitate identiﬁcation and
pickup of CO molecules. All STM and dI/dV images were processed
and analyzed with WSxM software.52
Calculation Methods. To obtain the equilibrium geometries of
the molecules adsorbed on Au(111) substrate and to compute the
corresponding STM images, we used the CP2K code53 implementing
DFT within a mixed Gaussian plane waves approach.54 The surface/
adsorbate systems were modeled within the repeated slab scheme,
that is, a simulation cell contained 4 atomic layers of Au along the
[111] direction and a layer of hydrogen atoms to passivate one side of
the slab in order to suppress one of the two Au(111) surface states. 40
Å of vacuum was also included in the simulation cell to decouple the
system from its periodic replicas in the direction perpendicular to the
surface. The electronic states were expanded with a TZV2P Gaussian
basis set for C and H species and a DZVP basis set for Au species. A
cutoﬀ of 600 Ry was used for the plane wave basis set. Norm-
conserving Goedecker−Teter−Hutter pseudopotentials were used to
represent the frozen core electrons of the atoms.55 We used the PBE
parametrization for the generalized gradient approximation of the
exchange correlation functional.56 To account for van der Waals
interactions, we used the scheme proposed by Grimme.57 We
considered supercells of 41.27 × 40.85 Å corresponding to 224
surface units. To obtain the equilibrium geometries, we kept the
atomic positions of the bottom two layers of the slab ﬁxed to the ideal
bulk positions, and all other atoms were relaxed until forces were
lower than 0.005 eV/Å. To obtain simulated STM images within the
Tersoﬀ−Hamann approximation,58,59 we extrapolated the electronic
orbitals to the vacuum region in order to correct the wrong decay of
the charge density in vacuum due to the localized basis set.59 LDOS
maps were simulated with an s-wave tip model. Energies of the
equilibrium gas-phase geometries of the molecules for the non-
magnetic, ferromagnetic, and antiferromagnetic electronic conﬁg-
urations were obtained with QUANTUM ESPRESSO.60 The PBE
approximation for the exchange−correlation functional was used,
pseudopotentials from the Standard Solid State Pseudopotentials
(SSSP) library61 were used to model the ionic potential, and a cutoﬀ
of 50 (400) Ry was employed for the plane wave expansion of the
orbitals (charge density).
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